For innate and adaptive immune responses it is essential that inflammatory cells use quick and flexible locomotion strategies. Accordingly, most leukocytes can efficiently infiltrate and traverse almost every physiological or artificial environment. Here, we review how leukocytes might achieve this task mechanistically, and summarize recent findings on the principles of cytoskeletal force generation and transduction at the leading edge of leuko cytes. We propose a model in which the cells switch between adhesionreceptormediated force transmission and locomotion modes that are based on cellular deformations, but independent of adhesion receptors. This plasticity in migration strategies allows leukocytes to adapt to the geometry and molecular composition of their environment.
in line with the morphological definition of 'amoeboid migration', leukocytes constantly change shape while migrating. these shape changes predominantly occur independently of the molecular composition of the tissue (Lammermann & Sixt, 2009) . By contrast, mesenchymal cells-such as fibroblasts or smooth muscle cellsare highly adhesive; their cytoskeleton couples to the extracellular matrix (EcM) or to neighbouring cells through transmembrane receptors. this adhesiveness largely determines cell shape, such that mesenchymal cells align along EcM fibres and the structure of the actin cyto skeleton usually looks like an intracellular extension of the extracellular substrate, with thick actin cables crossing the cytoplasm (cukierman et al, 2001; Wolf et al, 2007) .
the adhesive potential of a cell is defined by its repertoire of integrin family transmembrane adhesion receptors. Even when migrating, mesenchymal cells remain strictly bound to their EcM-a principle termed haptokinesis, meaning migration holding on to a substrate (Fig 1a) . Locating and binding to a substrate is essential for the survival of adherent cells. removal of the signal that allows this behaviour-transmitted by ligand-engaged integrinsleads to a form of programmed cell death termed anoikis, the greek word for homelessness (chiarugi & giannoni, 2008) . Haptokinetic movement is strictly controlled and completely deterministic; cells exclusively locate to the tissue compartment that they can bind to with their adhesion receptors.
Haematopoietic cells are different from the relatively sessile mesen chymal cells, as they constantly shuttle between different tissue compartments. they are born in the bone marrow and, once differentiated, exit into the blood-stream. they then eventually enter tissues, before returning to the blood circulation through lymphatic vessels (Luster et al, 2005; Massberg et al, 2007) . How is the locomotion strategy of leukocytes suited to this life cycle?
One obvious factor is that leukocytes migrate extremely quickly, up to 100 times faster than mesen chymal cells in migration. Neutrophil granulocytes and lympho cytes, for example, reach velocities of up to 20 μm/min, whereas fibroblasts usually migrate at around 0.5 μm/min (Friedl et al, 2001; Friedl & Weigelin, 2008) . a second factor is that leukocytes are largely autonomous from their environment. Simlarly to some metastatic tumour cells that have gained autonomy by uncoupling survival signalling from adhesion receptors, leukocytes are not anchorage-dependent and can survive without being adherent. Hence, leukocytes subvert a central metazoan paradigm and instead behave like single-celled organisms. Leukocytes not only survive in the absence of adhesion receptors, but also migrate. although they require integrins when extravasating from the blood-stream and seem to frequently migrate along guidance structures within tissues (Bajenoff et al, 2006; Boissonnas et al, 2007; Wilson et al, 2009) , their locomotion in the interstitial space does not depend on adhesion receptors (see below). this autonomous behaviour is well suited to situations in which cells migrate along soluble guidance cues that distribute irrespective of the molecular composition of the tissue (Fig 1B) .
in this review, we discuss which morphodynamic features determine the difference between adhesion-dependent mesenchymal cells and adhesion-independent leukocytes. We also consider how leukocytes generate traction forces in the absence of transmembrane force coupling.
Mechanics of the leading edge I
Locomotion driven by retrograde actin flow. the mesenchymal mode of movement is driven by the force that is generated and transmitted at the leading edge of the cell. Here, the contractile and protrusive forces of the actin cytoskeleton are transformed into traction forces. the prototypic cellular protrusion is the lamellipodium, and numerous studies and reviews have addressed its mechanical details (Vicente-Manzanares et al, 2009) . to illustrate the differences Mechanisms of force generation and force transmission during interstitial leukocyte migration between this and the leukocyte leading edge, we do not cover the controversial topic of lamellipodial force generation (Danuser, 2009; Vallotton & Small, 2009) . instead, we focus on a simplified mechanical principle: the leading edge pulls the cell forward by coupling the retrograde force of the actin cortex-through transmembrane receptors-to the extracellular environment (Fig 2a) . the retrograde force of the actin cytoskeleton is driven by two engines. First, actin grows at the leading plasma membrane and filaments get pushed backward into the cell body where the actin network is disassembled in a process termed 'treadmilling' (Lai et al, 2008; Mogilner & Oster, 2003) . Second, myosin ii-located behind the leading edge-pulls the cortex backward, supporting the poly merization-driven retrograde movement (Fournier et al, 2010; Henson et al, 1999; Lin et al, 1997; Medeiros et al, 2006; renkawitz et al, 2009) . although this paradigm is most established for the flat, sheet-like lamellipodium, it is likely that the same principle applies to other actin-based protrusions-such as filopodia-that also contain a treadmilling array of actin filaments and can help in pulling the leading edge forward (galbraith et al, 2007; Nemethova et al, 2008) . retrograde flowdriven movement is totally dependent on transmembrane forcecoupling receptors, which generate a frictional interface between rearward flowing actin and the extra cellular environment. Without this friction, the cell will 'run on the spot', causing the treadmilling actin cortex to slide backward in relation to the substrate.
the coupling between actin and adhesion receptor has been described as a 'clutch' (Hu et al, 2007; Mitchison & Kirschner, 1988) . it has been demonstrated in several cell types that this clutch is rarely a 1:1 transmission, meaning that polymerization is not completely turned into migration. usually, there is slippage between actin and the substrate, which can occur at different molecular levels (Hu et al, 2007) . therefore, cells with the same actin polymerization speed can either slip (low transmission) and migrate slowly or grip (high transmission) and migrate quickly (cramer, 1997; Jurado et al, 2005; Lin & Forscher, 1995) . this simplified picture of retrograde flow-driven force transmission illustrates one important point: this mode can only cause migration when the actin cortex mechanically communicates with the substrate.
Adhesion versus traction
cells that form lamellipodia are usually adhesive, and the lamellipodium is where adhesions are initiated and assembled. this does not, however, mean that it is a mechanical necessity for cells driven by retrograde actin flow to adhere to surfaces. adhesion means that the cell is anchored to the substrate. adhesion receptors resist forces that pull away from the membrane, and thereby 'stick' the cell to a surface. However, this 'stickiness' is not necessary for locomotion, as forward locomotion is a consequence of traction forces that act in parallel to the membrane. in principle, force-coupling receptors could generate traction without anchoring the cell, as long as the cell was in contact with the substrate. in large systems, this contact is usually achieved by gravity but, at the cellular level, gravity is insufficient for stable contact between the cell and a two-dimensional (2D) surface-as Brownian motion dominates and prevents any prolonged inter action with the substrate. this has led to the assumption that surface anchorage is necessary for the transmission of the traction forces required for migration. However, every confined environment in which the cell has to squeeze between rigid objects-for example within three-dimensional (3D) scaffolds-forces contact with the substrate. three-dimensional environments therefore allow the transmission of traction forces, although the cell does not 'stick' to the substrate. adhesion is, therefore, unnecessary for the generation of traction forces, and this is relevant in the discussion of leukocyte force transduction.
the traction forces required to move a non-adherent cell are very low; many orders of magnitude lower than the traction forces exerted by mesenchymal cells (Oliver et al, 1994) . a non-adherent cell only has to move its mass and overcome the viscous drag of the surrounding fluid; high traction forces are only required when tightly coupled receptors at the back of the cell need to be detached (chen, 1981; Munevar et al, 2001; gupton & Waterman-Storer, 2006; Lammermann & Sixt, 2009 ). Mesenchymal cells seem to 'waste' enormous amounts of energy by adhering to and contracting substrates, whereas non-adherent cells can efficiently move with minimal traction forces.
Mechanics of the leading edge II
Locomotion by blebbing. the model of retrograde flow-based force transmission described above is not the only principle that can drive cell motility. alternative models have been proposed that are also dependent on the actin cytoskeleton, but independent of leading edge extension driven by actin polymerization. these are variants of 'blebbing motility', in which the cell generates hydrostatic pressure by actomyosin contraction. this pressure is dependent on myosin ii motor activity that contracts the cortical actin network. increased pressure and the resulting increased cortical tension are eventually released, either by rupture of the actin cortex (paluch et al, 2005, 2006) or by detachment of the cellular membrane from the underlying cortex (charras et al, 2005, 2006) . When cytoplasm is squeezed beyond the cortical defect and the bleb becomes inflated, the resulting protrusions grow faster than those of polymerization-driven extensions (charras et al, 2006; paluch et al, 2005) . growing blebs are free of cortical actin but, once they are older, the inner surface becomes coated with newly polymerized actin that contracts due to myosin ii recruitment, leading to shrinkage of the bleb (charras et al, 2006) . a bleb can generate a transient membrane protrusion, and early studies by trinkhaus clearly documented membrane blebbing substrate and use the combined force of actin polymerization and myosin II-mediated contractility to pull substrate-ligated integrin receptors backward and the cell body forward. (B,C) Bleb driven migration is initiated by polarized rupture of the actin cortex or detachment of the plasma membrane and subsequent inflation of a membrane bleb. The bleb is then contracted, before the next bleb forms 'on top of ' the former bleb. Traction force to move the cell body is either generated by transmembrane receptors that couple the retracting actin cortex to a 2D substrate (adhesion-based, shown in B) or by mechanical immobilization within a confined three-dimensional (3D) space (deformation-based, shown in C). (D) Polymerizing actin causes the leading edge to protrude and thereby deforms the cell body, which subsequently becomes mechanically immobilized at the cell front. As in (C), local friction is generated by 'pushing against the walls' of a 3D confined environment. (E) The cell migrates within a 3D confined environment that is partly adhesive and partly non-adhesive. It simultaneously uses the lamellipodial principle (A) and deformation-based movement. The actin cortex that is in contact with the non-adhesive surface undergoes retrograde slippage.
reviews concept at the leading edge of migrating Fundulus deep cells (Fink & trinkhaus, 1988) . However, an extending protrusion pushes the cell backwards once it binds to or collides with an obstacle, so how can a bleb possibly translocate the cell body? there are two suggestions of how a bleb can generate traction forces that result in locomotion. First, the retracting actin cortex of the 'ageing' bleb is coupled with the substrate by transmembrane adhesion receptors. as the bleb retracts, the cell is thereby pulled forward. if the next blebbing cycle occurs in the same direction as the previous, the cell can move forward (Fig 2B) . this has been demonstrated for zebrafish primordial germ cells (Kardash et al, 2010) . Second, the bleb protrudes into the open space-which could be a pore within the interstitial matrix-and inflates, which entangles it within the meshwork of the EcM or jams it into a confined space. this polar expansion creates local friction, leading to an asymmetry in friction that pulls the trailing edge forward as it is contracting and shrinking. a cell might bleb forward by pushing itself from matrix compartment to matrix compartment or, when confined between two surfaces, it might periodically 'chimney' through the confined space (Fig 2c) . this concept is mechanically appealing (charras & paluch, 2008) , but so far there is no experimental evidence that it is used by cells for locomotion. the first of the proposed mechanisms depends on transmembrane coupling of retrograde actin forces by adhesion receptors, and is therefore conceptually similar to migration driven by retrograde flow. it can also account for movement along 2D surfaces, as well as 3D scaffolds. the second mechanism functions independently of adhesion receptors and is therefore dependent on the sustained surface contact, guaranteed in 3D environments. as this relies on shape changes of the cell we call it 'deformation-based migration'.
Mechanisms used by leukocytes
Do leukocytes use principles based on retrograde flow? in certain situations, they do. Lymphoblasts (activated lymphocytes) or neutrophil granulocytes that are activated with chemoattractants adhere to 2D surfaces. they form a sheet-like protrusion that, although it might not have all the features of a lamellipodium, is flat, spread out and rich in actin. as in mesenchymal and epithelial cells, this mode of movement is strictly dependent on force coupling by integrins, and inter ference with integrins abrogates 2D migration (Jacobelli et al, 2009; Lammermann et al, 2008; Malawista & de Boisfleury chevance, 1997; Malawista et al, 2000; Smith et al, 2005) . the situation changes when leukocytes are embedded in 3D environments. Here, in contrast to mesenchymal cells, leukocytes do not adapt their shape to the EcM fibres in order to move. they change shape 'from inside', exemplified by the fact that they can deform the cell body even in suspension (Haston et al, 1982) , whereas adherent cells most often round up once detached from their substratum. accordingly, leukocytes in 3D environments do not form leading edge protrusions that align with the EcM fibres, but rather form rounded or cylindrical extensions (lobopodia) that protrude between the fibres (Friedl et al, 1995 (Friedl et al, , 2001 . Such observations suggest that leukocytes do not need to adhere to their substrates in order to migrate and leave the possibility that leukocytes can use their adhesion receptors to exclusively transmit traction forces without anchoring the cells. However, in vitro and in vivo studies have shown that integrins-the largest and most important family of adhesion receptors-are unnecessary for 3D leukocyte motility (see below). this raises the question of how the frictional interface between the cytoskeleton and the actin cortex is established. One possibility is that alternative force-coupling receptors are used: for example, transmembrane glycoproteins such as the sydecans and cD44 have been implicated in force transduction, as well as non-integrin collagen receptors such as the discoidin domain receptors (DDrs) family of receptor tyrosine kinases (Schmidt & Friedl, 2010) . although alter native force transmission systems might contribute to motility, in vitro studies with inert 3D substrates indicate that without any transmembrane force coupling, leukocytes can still move rather efficiently (renkawitz et al, 2009) . How can this work?
Blebbing motility is one alternative mechanism that does not rely on transmembrane receptors. Blebbing has been demonstrated in several migrating tumour cells (Keller et al, 2002; Sahai & Marshall, 2003; Sanz-Moreno et al, 2008; Wicki & Niggli, 2001 ), but whether blebs are epiphenomena or critical for tractiongeneration remains to demonstrated. Functional evidence that blebs are the driving motile force comes exclusively from zebrafish primordial germ cells (Blaser et al, 2006) . By contrast, many dynamic and static imaging studies have shown that the protrusions of leukocytes are actin-rich throughout the cell front, with no evidence for membrane blebs (Haston, 1987; Lammermann & Sixt, 2009 ). Furthermore, it has been shown that dendritic cells, B cells, granulocytes and Drosophila haemocytes can migrate in the absence of myosin ii motor activity, which largely excludes bleb formation (Bardi et al, 2003; Lammermann et al, 2008; redd et al, 2006; Xu et al, 2005) . Myosin ii is required to squeeze the rigid nucleus through narrow pores, but in environments where the pore size of the interstitium is large enough, leukocytes can reach normal peak velocities without myosin ii (Bardi et al, 2003; Jacobelli et al, 2009; Lammermann et al, 2008) . this contraction-independent mode of migration was also found to be independent of adhesion receptors (Lammermann et al, 2008) , suggesting that in confined environments leukocytes can adopt a migration mode that is nonblebbing and independent of transmembrane force coupling. although these results do not exclude the possibility that leukocytes can use blebbing migration, they indicate that blebbing is not the general principle explaining independence from adhesion.
Mechanics of the leading edge III
Locomotion by polymerization-driven deformation. if neither retrograde flow nor bleb driven migration applies to leuko cytes, how do they transduce their force instead? a mode of non-blebbing migration that does not depend on transmembrane force coupling was proposed more than 20 years ago (Haston et al, 1982) and is often mentioned synonymously with amoeboid migration. put simply, it is reasonable to think that leukocytes move entirely by deformation of the cell body and that these deformations are generated by actin polymerization. in contrast to migration driven by retro grade flow, it is not the retrograde force of the actin that moves the cell, but rather the lobopodia that intercalate in the 3D environment and push or pull the cell forward. in contrast to non-adhesive blebbing, the leading protrusions are not inflated by hydrostatic pressure but by actin polymerization, which pushes out the membrane and deforms the cell. this mode of movement is similar to both blebbing and retrograde-flow-driven migration. the leading protrusions increase by the force of polymerization and, like an inflating bleb, they get entangled within a matrix compartment. Similarly to nonadhesive blebbing, the swelling protrusion might jam the cell front reviews concept between two surfaces; both jamming or entangling generates more friction at the front than at the back and this asymmetry causes translocation when the rear end of the cell contracts (Fig 2D) . this mode of movement seems plausible, and theoretical modelling has shown that a deforming actin network can move forward within a microchannel by pushing against the wall of the channel and extending at the front (Hawkins et al, 2009) . However, as with non-adhesive blebbing locomotion, it remains to be demonstrated with biophysical methods that leukocytes indeed migrate in such a deformation-based, polymerization-driven manner.
Plasticity of migratory modes
One question that arises from studies demonstrating adhesionindependent leukocyte movement is whether leukocytes rely entirely on principles independent of transmembrane force coupling (Sidebar a). if so, adhesion receptors do not have any role in leukocyte force transduction. One argument against this view is that in some model systems of interstitial migration, integrins seem to have a role in locomotion, albeit a minor one. Neutrophile granulocytes migrating through the interstitium of mouse peritoneum or rat cremaster muscle have been shown to decelerate by 30% in the presence of antibodies against β1 integrin (Lindbom & Werr, 2002; Werr et al, 1998; . t lymphocytes migrating within lymph nodes slowed down by 10% when β1 and β2 integrins-which are likely to be the only integrin classes expressed by the cells-were deleted or blocked (Woolf et al, 2007) . Similarly, in vitro studies measuring lympho blast chemotaxis in 3D collagen gels showed slight reductions in migration velocities on the blockade of integrins (Franitza et al, 1999; Friedl et al, 1995) . By contrast, randomly migrating t-cell blasts in collagen gels and neutrophil granulocytes moving between two adjacent glass surfaces were unaffected by integrin blockade (Friedl et al, 1998) . the same was demonstrated for granulocytes, B-cell blasts and mature dendritic cells migrating along chemotactic gradients through collagen gels or under agarose, as well as for dendritic cells migrating in vivo from the skin to the t-cell area of the draining lymph node (Lammermann et al, 2008; renkawitz et al, 2009 ). these data demonstrate that integrins are dispensable for migration, but also suggest that they might make some contribution.
Further evidence comes from studies of dendritic cells, t-cell blasts and granulocytes migrating on 2D surfaces; traction generation during this mode of movement was entirely dependent on integrins (Lammermann et al, 2008; Malawista & de Boisfleury chevance, 1997; Malawista et al, 2000; Smith et al, 2005) . this suggests that leukocytes can use integrins to generate traction and that either the integrin-mediated mode of movement is switched off once cells are embedded in 3D environments, or integrins are used in 3D but become dispensable when cells can revert to an alternative mode of movement. a recent study has suggested that the latter might be the case; by using dendritic cells as a model system it was shown that integrin-mediated force transduction is used in confined environments, but that once integrins are deleted, uncoupled from the cytoskeleton or-physiologically more realistic-when no integrin ligands are available, cells can generate traction without them (renkawitz et al, 2009) . the switch from integrin-mediated to integrin-independent movement was not accompanied by changes in migration velocity or directional persistence. a difference could only be detected at the level of the actin cytoskeleton. On adhesive substrates the cells migrated with maximal efficiency, indicating that the growth of the actin network that occurred below the leading membrane was entirely transformed into forward movement, resembling the lammellipodial principle with almost 1:1 force transmission. On non-adhesive substrates or on uncoupling or deletion of integrins, the actin network slipped backward in relation to the substrate. Such slippage is in perfect accordance with the clutch hypothesis; once the clutch is removed, actin filaments growing below the leading membrane do not experience any retrograde resistance and slide towards the centre of the cell. if locomotion driven by retrograde flow was the only mechanism occurring here, then the cell would treadmill but not move, as explained above. interestingly, however, the 'slipping cells' protruded and migrated with the same speed and shape as the 'gripping cells'. this was possible because slippage was compensated for by higher actin polymerization rates. these data indicate that higher polymerization rates accompanied the switch between the retrograde-flow-driven and the deformation-driven principle, and suggest that dendritic cells can switch between the two modes of movement, without changing shape.
the switch between adhesion-dependent and deformationbased modes of movement was also shown to occur instantaneously: the cells maintained the round, protrusive shape of their leading edge when crossing from adhesive to non-adhesive areas. this implies that the two motility modes represent an inherent plasticity of the cytoskeletal mechanics, rather than a remodelling of the cellular proteome. More strikingly, the cells were able to spatially adapt to the substrate. Similarly to the gears of a car, they 'slipped' on one side and 'gripped' on the other, locally increasing the poly merization rate on the slippery areas to maintain directionality (Fig 2E) . these findings illustrate the enormous plasticity in the migratory strategies of leukocytes, that allow them to adapt to their local environment without losing time accommodating to the tissue. Which forces act on the environment? (ii) Which mode of movement dominates in a physiological interstitium? (iii) How is actin polymerization at the leading edge of leukocytes regulated? (iv) Are there leukocyte-type specific differences in locomotion strategies, and do some metastatic tumour cells use similar principles?
